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By John D, Stanitz

SUMMARY

An analysis method and a design method are developed for one-
dimensional, compressible flow with friction, heat transfer, and area
change in vaneless diffusers with arbitrary profiles in the axial-radial
plane, The effects of mixing losses due to nonuniform flow conditions
at the impeller discharge are not considered. In the analysis method
the variations in fluid properties, including the velocity and flow
direction, are determined as a function of radius for a prescribed vari-
ation in diffuser wall spacing with radius. In the design method the
variations in effective diffuser wall spacing and in the fluid proper-
ties are determined as a function of radius for an arbitrary prescribed
variation in one fluid property. For efficient diffuser designs the
fluid property selected and the manner in which its variation is pre-
scribed will depend on viscous flow effects that are considered in
boundary-layer studies but are not investigated in this report.

As a result of mumerical examples it is concluded that: (1) Even
vith relatively low friction coefficients and neglecting mixing losses
near the impeller tip, the friction losses in most vaneless diffuser
designs are considerable, as indicated by computed diffuser efficiencies
in the low 80's, and these losses result from the usually large ratios
of wetted surface to flow area in vaneless diffusers. (2) Vaneless
diffuser efficiencies can be improved by increased compressor flow rates
for a given impeller tip radius so that the diffuser walls can be spaced
farther apart (thus, reducing the ratio of wetted surface to Flow area)
without increasing the length of the flow path in the diffuser.

INTRODUCTION -
In radial- and mixed-flow centrifugal compressors the vaneless

diffuser is an emnular duct (fig. 1) immediately following the impeller
and of increasing radius in the direction of flow. The high tangential
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velocity of the fluid entering the vaneless diffuser from the impeller
decreasesg with Increasing radius and, because the tangential velocity is
generelly the largest veloclty component at the impeller discharge, the
vaneless diffuser is an effective means of diffusing the fluld, that is,
of converting the velocity head to static pressurs. The principle by
which this converslon is effected is demonstrated by the case for fric-
tionless flow in the absence of heat transfer. For this case, and
assuming that flow conditions are uniform in the tangential direction,
the moment of momentum of the fluid is constant so that

qer = constant

from which as the radius r Increases the tangential velocity
decreases &nd therefore the pressure rises (assuming relatively small
changes in other components of velocity).

Among the advantages of the vaneless diffuser is the fact that
choke flow occurs only if the meridional velocity qp (velocity com-
ponent normal to the annulus area) is sonic. This condition usually
corresponds to such high flow rates that choke flow occurs in the
impeller, instead of the diffuser as is the usual case for vened 4if-
fusers. The compressor operating range is therefore wider with vaneless
diffusers.

Another, and perhaps the most important, advantage of the vaneless
diffuser is the fact that if the tangential velocity at the impeller
discharge 1is supersonic the tangentiel velocity decelerates from super-
sonlc to subsonic velocities without shock losses.

Opposed to these several advantages of the vaneless diffuser 1s the
disadventage, for aircraft propulsion, of a large frontel area. This
disadvantage may be circumvented to some extent by the use of gemlvane-
less diffusers (fig. 2) in which, to diffuse the fluid more rapidly and
thus decrease the frontal area of the compressor, vanes are placed in
the diffuser following a vaneless section in which the velocity is
reduced from supersonic to subsonic magnitudes. Thus, shock losses are
avolded by diffusing the flow to subsonic velocitles in the vaneless
diffuser and the frontal area of the compressor is somewhat reduced by
the more rapid diffusion in the vaned section.

In order to analyze the performence of vaneless and semivaneless
diffusers and in order to design these diffusers for optimm performance
(including the propser setting of the vane angles in semivaneless dif- N
fusers), it is necessary to have adequate theoretical methods of pre-
dicting the varlation in flow characteristics through the diffusers.
These methods should include the effects of diffuser geometry, com-
pressibility, heat transfer, friction, and mixing losses caused by the
nonuniform flow conditions at the impeller discharge.

~
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Published work on the analysls and design of vaneless and semlvane-
less diffusers is not extensive (references 1 and 2, for exsmple). In
reference 1 & one-dimensiongl method of analysis 1s desveloped for incom-
pressible flow with friction but no mixing losses in vaneless diffusers
with constant wall spacing and pure radlal flow. In reference 2 a one-
dimensional method of design is developed for compressible flow with
frictlon. The method assumes the flow path is a logarithmic spiral and
neglects heat transfer and mixing losses.

In the present report methods of analysis and design, carried out
at the NACA Tewls laboratory, are developed for one-dimensional, com-
pressible flow with friction, heat transfer, and arbitrary variation in
pessage helght in vaneless diffusers with arbiltrary curvature in the
meridional (axial-radial) plane. The effect of mixing losses 1s not
considered. In the analysis method and in general for the design method
the flow direction, or flow path, is not specified but is a dependent
variable determined by the solution. In the design method the variation
in diffuser wall spacing with radius is determined for a prescribed
variation in one fluld property. For efficient diffuser designs the
selection of the one fluld property.and its optimum prescribed variation
will depend on viscous flow effects that are comsidered in boundary-
layer studies but will not be investigated in this report. The methods
are an extension of the work in reference 3 for one-dimensional gas flow
in ducts with prescribed flow direction.

THEORY QOF METHOD

Differentlal equations are developed that relate the change in
dependent variables with radius to the design and operating character-
istics of the vaneless diffuser. The application of these differential
equatlions to the analysis of flow in veneless diffusers and to the
design of wvaeneless diffusers for prescribed distributions of flow condi-
tlons with radius is described in a later section.

Preliminary Considerations

Coordinate system. - The coordinate system for a point on the msan
surface of revolution generated about the axis of the compressor by the
center line between the front and rear shroud of the vaeneless diffuser
is shown in figures 3 and 4. The cylindrical coordinates r, 6, and
z glve the radial, tangential, and axial positions of the point , respec-~
tively. The effective diffuser height h (Ffig. 3) measured across the
passage in the direction normal to the mean surface of revolution is a
function of r only
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h = h(r) (1)

(411 symbols are defined in appendix .A.) The effective height of the
diffuser at each point on the mean surface of revolution 1s equal to the
geometric height of the diffuser minus the assumed displacement thick-
ness of the boundary layer on the diffuser walls. Use of this effective
height rather than the geometric height is required by continuity con-
siderations in order to give the proper average value of the velocity
component normal to the cross-sectional flow area of the vaneless dif-
fuser. Only the effective height of the diffuser is considered in this
report; no investigation is made of the boundary-layer displacement
thickness, which can be assumed or estimated from boundary-layer theory.

The slope of the center 1line between the front and rear shroud of
the vaneless diffuser determines the angle o (fig. 3), which is a
function of r only,

a = tanfl-%g = a(r) (2)

Assumptions. - The principal agsumptions of the anelysis and design
methods are that flow conditions are uniform across the vaneless dif-
fuser along the height h and that flow conditions are uniform in the
tangential direction 6. Thus, the flow becomes one-dimensional, being
a function only of the radius along the mean surface of revolution. If
the boundary-layer profile is ignored, the accuracy of the assumption
that flow conditions may be considered uniform across the vaneless dif-
fuser in the direction of h depends on: (1) the angle o, (2) the
derivative of a with respect to r, (3) the derivative of h with
respect to r, and (4) the ratio h/r. For values of o approximately
equal to 90° the assumption is accurate provided dh/dr and da/dr are
small. For values of a less than 90° the inaccuracy of the assumption
will depend on the ratio ‘h/f and the derivative da/dr; for the
limiting case in which h/r and da/dr approach zero the assumption is
good for all velues of ao. In practice the values of h/f for vaneless
diffusers are usually small and the mean shroud curveture do/dr should
be small to avoid boundary-layer sepaeration. Thus the assumption of
wniform flow conditions across the passage along h should be accurate
for all values of o encountered, except for variations due to the

boundary-layer profile.

The motion on the mean surface of revolution is assumed to be
steady and, because flow conditions are assumed to be uniform in the
tangential direction, mixing losses resulting from nonuniform flow con-
ditions 1n the tangentlial direction at the impeller discharge are neg-
lected. These losses are relatively high, but experiments (reference 4,
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for example) indicate that they take place in the immediate vicinity of
the impeller discharge and may be neglected 1n the remainder of the
vansless diffuser. The effects of these mixing losses can be accounted
for (approximately) by adjustments in the flow conditions (pressure,
density, velocity, and flow direction, for example) at the diffuser
inlet.

Velocity components. - The veloclty q &t a point on the mean sur-
face of revolution is tangent to the surface and has components g,
dg, &nd qy in the r-, 6-, and =z-directlions, respectively. In
this analysis it is convenlent to consider the meridional velocity
(instead of d,. and dz), which is tangent to the center line between
the front and rear shroud of the diffuser in the meridional plane
(fig. 3) and is related to g, and gq, by

2 2
Ay =A[qe + 9, 3)

The flow direction B on the mean surface of revolution is related to
oy end gy by (fig. 5)

dg
tan f = — 48
% (4a)
from which
9 =a sin B (4p)
Gy = q cos B (4c)

Fluid particle. - A fluld particle on the mean surface of revolu-
tion is shown in flgure 4. This particle has the dimensions r d9 and
dr/sin a on the surface of revolution and the height h normal to the
surface.

Outline of method. - The state of the fluld at any point (r) on the
mean surface of revolution is described by three thermodynemic proper-
ties, by the fluid velocity, and by the flow direction. These five
properties can be determined from five fundamental relations: (1) con-
timiity, (2) equilibrium in the direction of (meridional equili-
brium), (3) equilibrium in the direction of gy (tangential equili-
brium), (4) equation of state, and (5) the heat-transfer equation. In
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addition to these five fundamental relations certain definitions are
required to express the resulting equations in terms of the desired
properties. The properties that will be used in this analysis to

describe the state of the fluild will be the static pressure p, the

static density p, the total temperature T;, the local Mach mumber M,

and the flow direction B.
Mach mumber. - The local Mach mumber M 1is defined by

2
R
M? T ygR¥T

where 7 1s the ratio of specific heats, g 1is the gravitational
acceleration, R¥ 1is the gas constant, and T 1is the local, static

temperature. From equation (5)

Total temperature. - The total temperature Tt is defined by

or

(5)

(5e)

(e)

where J d1s the mechanical equivalent of heat and p is the specific

heat at comstant pressure. From equation (6)

1ar, 1ar [ GE |\ 1 af

- - M2
T, dr T dr 14 221 Mz Me ar

From equations (5a) and (6a)

(6a)



NACA TN 2610 7

1 dq2 1 1 dM? 1 de
q dr 1+ 221 2 dr T, ar

Fundamental Relatlions

Contimity. - The contimuity equation for one-dimensional com-
pressible flow in vaneless diffusers 1s

pa,rh = constant
from which

ggg + (7)

olr
gl
=
Bl B
+
H| R
1
o

1
+ —
I

where changes Iin r are understood to occur along the msan surface of
revolution.

Meridional equilibrium. - The equation for meridional equilibrium
of a fluld particle (fig. 6) in the direction of q, on the mean sur-
face of revolution is obtained from a balance of the pressure forces,
shear forces, and inertie forces (appendix B)

2
g dp chz cos B qg dg

jii
+ ——
p dr h gin a r m dr

(8)

wherse Cp is the skin-friction coefficient.

Tangential equilibrium. - The equation for tangential equilibrium
of the fluld particle in figure 6 1s obtained from a balance of the
shear forces and the inertia forces (appendix B)

et BB a5 gy

=

h 8in o ar T

(9)

Equation of state. - By definition a perfect gas satisfies the
equation of state
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p = pR¥T (108)
from which
(10b)

dp _1dp
ar ar

|
oIl
=
HIE

Heat-transfer equation. - The heat-transfer rate to the diffuser
casing must equal the heet-transfer rate from the fluid. The heat-
transfer rate to the diffuser casing is glven approximately by

dr
= 2ht - —_
dQ = 2h (Tw Tt) 2nr l (11a)

where h' 1is the coefficient of heat tramsfer, T, is the wall, or
diffuser cesing, temperature, and dq is the heat-transfer rate. Equa-
tion (1la) assumes that the recovery factor at the wall is 1.0 (refer-
ence 3, p. A-328).

The heat-transfer rate from the fluid is glven approximately by

Ty
dQ = pq, Zrrhe, g &r (11b)
Finally, from equations {11la) and (11b)
1 ar 2h? T
Tt Py cP sin o \T}

Equation (llc) gives the change in total temperature with radius as a
function of the heat-transfer coefficient h?.

Reynolds' analogy. - An approximate value for h' in equation (1llc)
can be obtained from the Reynolds' analogy between friction and heat
transfer (reference 3)

h! Ce

—

cppq 2
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From which equation (1lc) becomes

1 4ar c, Bec B /T
i Y S <_H - 1) (12)
Tt dr h sin o Tt

DU—

Equation (12) glves the change in total temperature with radius as a
function of the skin-frictlon coefficient and the ratio of wall tempera-
ture to totel tempereture of the fluid.

Review. - A review of the theory up to this point indicates nine
unknowns and nine equations for the analysis method. The unknowns are:
D, ps T, Ty, M, 4, Qp, 9g, and B. (For the design method h is
unknown and replaces one of these nine quantities, which is then spsci-
fled as & function of r. The angle o d1is & known function of r for
both analysis end design methods.) The nine equations are:

" Equation

Tangentigl velocity (4v)
Meridional velocity o . (4c)
Mach number (definition) (5a)
Total temperature (definition) (6a)
Continuity (7)
Meridional equilibrium (8)
Tangential equilibrium (9)
Equation of state " (10b)
Heat-transfer equation (11c) or (12)

The solution for the analysis method consists in combining the nine
equations to obtain three differential equations involving three
unknowns: T,, M, and B. These three differential equations, in
turn, can be combined to solve, by numericel methods, for Ter M, and
B successively. (For the deslgn method an auxiliary equation is devel-
oped for %% in terms of the prescribed fluld property as a function
of r, The three unknowns T,, M, and B are then obtained in the
same manner outlined for the analysis method.)

Final Equations

Auxiliary differential equation. - An auxiliary differential equa-~
tion for the pressure p In terms of T;, M, and B 1is obtained from
the equilibrium equations, which, after expressing qg and 4 in
terms of q and B, combine to give

e e e e e e ———— T ——— e == = —
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2 .
g 1 cp sec B
& __t 4 o | (13a)
pqz ar 2q2 dr h sin o
But,
p . 7Pq2
g 7 ER¥T

so that, from equations (6b), (13a), and (13b)

ey el e ot | (130)

1
P dR 2 1+.7'_;_]-.M2 M ar T, @R Hcos‘ﬁJ
where
. o T
- £ T
t - 52 () (128)
and where
P=2 \
Py
r
R =-— (13e)
and
' h
H = — = H(R)
by J

where P, is the compressor-inlet stagnation pressure, 1T, is the
impeller tip radius, and 1s the effective diffuser he?ght at the
impeller tip. Equation (13c¢) is an asuxiliary differential equation that
rolates the change in P +to the change in Ty and Me with radius R.

Totel temperature. - The change in Ty 18 given by equation (1llc)
or (12), which from equations (13d) and (13e) become
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1 ar 2h! T
—_— t = (EW_. - > ot il (14:8.)
T’b dr pqucP sin a Tt hT

and, for the case of Reynolds' analogy,

1l ar )
St (L (14b)
Tt dr H cos B \Ty

Mach mumber. - In order to determine the differential equation for
the Mach mumber squared it is first necessary to express the second term
of the continuity equation (7) in terms of known variebles. From the

meridional equilibrium equation (8) together with equations (4) and
(13b)

1 d.q.’11 'tanzﬁ secZB 1 dp cg sec B

—e— -

- (15a)
a4, dr T 7M2' p dr h sin «

The first term of the continuity equation (7) i1s expressed in terms of
known variebles by the equation of state (10b) together with equation (Ba

7-1
1d la 1 ar, 2w\ 1 o

? (15p)
pdr pdr T dr 1+72;1Mz W dr

Bubstituting equations (15a) and (15b) into the comtinuity equation (7)
and combining it with equations (13d) and (13e) result in

-7M2 Z';—le 1 sz

- ses \1 2L/ R T, @w

1 ap
PaR

t .1 de seczﬁ
—_— - — +
Hcos B H AR R
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-

which, combined with equation (13c¢) to eliminate %%, finally gives
-2(1 + 2= Mz) 1 ar,
-:!‘-sz= > 1+7M2 tanB)—--—-+
M2 dr M2 - gec B t dr
1 dH sec B

(7M2 - tanzB) —i—— - —— (1s5c)

Hcos 8 HAR R

Equation (15c¢) determines the change in M with radius R along the
1 ar
mean surface of revolution In terms of — 6_3;’ which is known from

T
t
equations (14a) or (14b).

Flow direction. - The differentiel of the flow direction B 1is
obtained from equation (4a)

1L d tan B ld.g‘9 1dqm

tan B dr 'qedr qmdi'

which from the tangential equilibrium equation (9) and equation (15a)
becomes

1 4 tan B sec2’B 1 dap seczﬂ

tan B dR 7M2 P 4R R>

and from equations (13c) and (15¢)

2

1 4 ten sec -1 1 4ar
B=. Bz <1-i-7 Mz—-—"-"+
tan B @R M* - secp dr

["'(71)]4‘2‘_’15[0055-%%-&3} (16)

Equations (14a) or (14b), (15c), and (16) are three_differential eque-
tions that can be solved similtaneously for Tt’ Mz , and B.
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Pressure. - After the varietions in T, Mz, and B with radius
R are known the pressure P cean be obtained from the contimuity equa-
tlon as follows:

p 9, cos By rThT = pg cos B rh (172)

where the subscript 1 refers to known conditions (appendix C) at the
. diffuser inlet (where R is equal to 1.0). From the equation of state
(10a) and from the defimition of Mach mmber (equation (5)), equa-
tion (17a) becomes -

P
-IEIMl’\rT—l cos ﬁl r’l‘hT =%M‘\[T_COB B rh

Finally, from equetions (6) and (13e)

_ 2
P _locosp M /Tt (1+-’—21M1)

P. RHcos B M 7-1
1 (T,), (1 « 2 Mz)

(17v)

Equation (17b) determines P from the known conditions at the diffuser
inlet and from the known values of T, , &and B determined by the
similtaneous solution of equations (129.) or (14b), (15¢c), and (16).

After the quantities P, Mz ) T’b’ and P are known, all other
quentities (p, T, q, Oy, and qe) can be determined dlrectly from
equations (4), (5), (6), and the equation of state (10a).

Flow path. - The flow path on the mean surface of revolution in the
veneless diffuser can be obtalned from the known variation in +an B
with R glven by the solution of equation (16). From figure 7, which
shows the flow path on a developed view of the mean surface in the
vicinity of R,

dR/sin «
or

@  tan B -

dR R sin a (18)
Because B and o are known functions of R, equation (18) determines
the flow path on the mean surface of revolution.
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Influence coefficients. - In soms analysis problems it may be con-
venient or desirable to solve directly for one or more of the other
dependent quantities rather than Ty, ME , end P, Also, in the design

problem it may be desired to specify one of these quantities as a func-

tion of R and to solve for the required value of lH% For these

cases the change in the dependent variables P, p, T, q, , and
with radlus R along the mean surface of revolution, as 1 as the
chenge in T, - and B, must be expressed in terms of the known
t . 1
quantities T, ® (given by equations (14a) or (14b)), Toos B &
and %% (not known in the design problem), which quentities are

multiplisd by influence coefficients. Thus, if X 1is any one of the
dependent varisbles,

ar
~ eoZay L X _ 7-1 )1__’0
(1e” secB)x«m‘I1<l+zMthd‘R+
I—-._g'__ I.!:g'._E_ I..]:. (19)
2Hcosp T B3E@®R TR

where I, through Ié are influence coefficients that are determined
in the same way that equations {15c) and (16) were developed. The
influence coefficients for various dependent variables X are given in
the following table:

Influence Coefficlents

x I I
N 2 3 Ty
2 2 2 2 2
P ™ M 1+(7—1)M:l -yM -yM secZB
2
secZB M (y seczs—tanzﬁ) M2 -M seczﬁ

P
T 7M2— sectp (7—1)M2(7M2—tanzB) -(')'--l)M2 -(7—1)Mzsec25
M2 'l:a.nzﬁ-l-yM‘2 2(1+%42) (tanZB -7M2) 2(1+Zé—le) 2(1+ 7—;]; Mz)secZB
2

q

-2 z(tanzB —7M2) 2 2 seczB
qm -secgﬁ Mz(tanZB - secZB) secap secZB +M2tan2[3
dg 0 seczﬁ - Mz 0 seczB - M2

tan B seCZB secp l+(7-l)Mﬂ —seczﬁ -Mzseczﬁ
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If M is equal to soc’B, the left side of equation (19) is

edual to zero because % g'—g cannot be infinite. For this condition

(M% = sec®), which occurs when q, 1s equal to the local speed of
gound, that is when choke flow occurs (appendix D), equation (19)
becomes .

2
(1+%1seczﬁ)-ﬂ::'—%+ E.-!—(y-l) seczﬂ _t _L1dE _sec’B _,
t
7 (19a)

where the influence coefficients given in the table have been substi-
tuted in equation (19) with M2 equal to .seczﬁ._ (A1l sets of influ-
ence coefficients result in the same equation (19a).) Equation (19a) is
a condition that must be satisfied at the location of choke flow in a
veneless diffuser. In particular, if heat transfer and friction are
absent, equation (19a) becomss

1 a(mR) _ ~tenp
T B

Because HR 1is directly proportional to the flow area, it is seen that
choke flow does not occur at the throat, or posltion of minimm flow area

(g'—c%Bl = O), but at a point where the flow area is decreasing in the

direction of increasing R.

Smell-stage efficiency. - The small-stage, or polytroplc, efficlency
at & glven radius R on the mean surface of revolution in a vansless
diffuser is defined as the ratlo of the ideal (ignoring friction and heat
transfer) to the actual differential change in static emthalpy with
radius required to accomplish the actual differential change in static
pressure with radius. This definition leads to the following expression
for the small-stage efficiency 7 (eppendix E)

1
P dR

1= :
ld_P_l__L(l z_-;M2>ith+ e
P& Ty-L\ 2 T, @& = H cos B

(20a)

Equation (20a) indicates that in the absence of heat transfer
(dT_b/dR = 0) and friction ({ = 0) +the small-staege efficiency is 100
percent. Also, for heat transfer from the fluld to the diffuser walls,
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s
TJ-‘— &_R-E is negative and therefore results in an epparent increase in the
s-tbnall-stage efficiency. Thus, in the presence of heat transfer, ‘the
small-stage efficlency, as just defined, is not a good measure of the
performance of vaneless diffusers in that 1t is not a measure of the
megnitude of the losses involved. In the dbsence of heat transfer —t

is zero and equation (20a) can be rearranged to give (appendix E)

- t (2 - seczB)
t (" - tan®p) - cos B <§1!; + 212 sfe{cz )

If M® is equel to sec®p (choke flow condition, appendix D), the
efficiency given by equation (20b) becomes indeterminate, because the
numerator of the fraction is zero and, from equation (19a), so is the
denominator.

=1 (20b)

NUMERICAL, PROCEDURE

A specific numerical procedure is outlined for both the analysis
and design problems, however, - any other standard numerical procedure cen
be used. In the analysis problem the variation in fluid properties
with R are dstermined for a specified geometry of the veneless dif-
fuser. In the design problem the variation with R in one of the fluid
properties is prescribed and the remaining £luld properties together
with the variation in diffuser height H with radius R are dster-
mined. The mmerical procedures for both the analysis and design prob-
lems are essentlally the same but differ in detail and are therefore
discussed separately in this section.

Anglysis Problem

Primary quentities. - In the analysis problem the variation with
R in three primary quentities (T, M°, eand B) are obtained from
three differential equations: (14a) or (14b), (15c), and (16). These
equations are nonlinear and it is necessary to solve them by mumerical
methods. The suggested stepwise procedure is as follows:

(1) The velues of T,, M, and B at the aiffuser inlet are
estimated from the Impeller design and operating characteristics
(appendix C).
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(2) At any radius R, if T, M2, and tan B are known, the
chenge in T, (that is, ATg) for a small increase in R (that is,
AR) 1is computed directly from equation (l4a) or (14b).

(3) The change in Mo (that is, AM2) for the same small change
in aﬁ (that 1s, AR) is computed directly from equation (15¢) in which
L % 15 obtained from step (2).

T‘t dr
(4) Finally Atan B is computed from equation (186).

(5) Thus, at (R + AR) the approximate values of Ty, M2, and
tan B are known from the values of T4, Mz, and tan p at R and
the approximate values of ATy, AMZ , and Atan B given by steps (2)
through (4).

ar
(6) At (R + AR) approximate values of = EE’E, ,Ild-zggz, and
T4 .
'bau]; 5 d ;n B cen then be determined by equations (14a) or (14b), (1sc),

and (16) from the approximate values of Ty, Mz , and tan B obtained
in step (5).

(7) The final values of AT;, AM°, and Aten B between R and
(R + AR) are obtained directly from the arithmetic average of %. EE,
end so forth, at R and (R + AR) as given in steps (2), (3), (47,
and (6).

(8) The values of T, M?, and tan p at (R + AR) are deter-
mined from the known values of T, M2, and ten B at R and from
the values of ATy, AMZ2, and Atan B obtained in step (7).

(9) The stepwise procedure outlined in steps (2) through 58) is
repeated for small values of AR starting at R equal to 1.0 (where
T, M2, end ten B are obtained by step (1)) and continuing to the
fuser exit. TFor the numerical exemples of this report AR was 0.02,
0.03, and 0.05 for the first three increments and 0.10 for the remaining.

Secondary quantities. - After the distribution of T,, M?, and
ten B with R are known, the distribution of P, p, T, q, qp, and P
can be determined directly from equation (17b) and from equation (4),
(5), (8), and the equation of state (10a).

Flow path. - The flow path on the mean surface of revolution in the
vaneless diffuser is given by 6 as & functlon of R along the sur-
face, Because tan B and sin a are known functions of R, the flow
path (6 = 6 (R)) cen be determined by the mumerical integration of
equation (18) assuming 6 equals zerc at R equals 1.0.
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Efficiency. - The small-stage, or polytropic, efficiency 7 at
each radius R 1is given by equation (20a). The diffuser efficiency
('rlD)R between radius. R equels 1.0 and R 1is given by equation (ES)
in appendix E.

Design Problem

In the design method the variation in effective diffuser wall
spacing with radius is determined for a prescribed variation in one
fluid property. For efficient diffuser desligns the selection of the one
fluid property and its optimum prescribed variation will depend on
viscous flow effects that are considered in boundary-layer studies but
will not be investigated in this report. (Nor is the magnitude of the
boundary-layer displacement, required to obtain the geometric wall
spacing from the effective spacing, considered in this report.)

Auxiliary equation. - In the design problem the variation in H
with R is unknown and must be determined to satisfy a specified varia-
tion in one characteristic of the flow (g, for example) with R. From

this specified variation in one characteristic of the flow %% can be

determined from equation (19). The quentity AH between R and

dH

(R + AR) 1is obtained from the average value of &/ & R end

(R + AR). Aﬁ;ter H has been determined at (R + AR) the final values
of AT, , AP, and Atan B between R and (R + AR) are
obtained by the same procedure previously outlined for the analysis
problém. The process starts at R equels 1.0 (wvhere H equals 1.0)
and is repeated for specified increments of R wup to the diffuser exit.

=

Complete solution. - After the varistion in H, Ty, M, and
ten B with R are known, the variation in P, p, T, q, 9y, &end
can be determined directly from equation (17b) and from equations (Z? s
(5), (6), and the equation of state (10a). The flow path is determined
by equation (18) as outlined previausly, and the small-stage, or poly-
tropic, efficiency is determined by equation (20a).

NUMERTCAT: EXAMPLES

The mmerical examples of this report are divided into three groups:
(1) effects of some operating conditions, (2) effects of diffuser wall
specing, and (3) a vaneless diffuser design problem.
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Effects of Some Operating Conditions

The first group of mumerical examples shows the effects of heat
transfer and friction on the flow in vaneless diffusers. Three numer-
ical examples are given: {1) isentroplc compressible flow, (2) com-
pressible flow with friction, and (3) compressible flow with friction
and heat transfer,

Inlet conditions. - For. the first group of numerical examples the
flow conditions at the diffuser inlet (R = 1.0) are:

P, = 3.022
Miz = 1.370

(T,); = 941° R
(tan B), = 3.829

These conditions were estimated (by methods glven -in appendix C) for
the following design and operating condltions of the impeller:

Compressor flow coefficlent, . « « « ¢« « ¢« ¢ v ¢« v v v v o o« « . O.
Impeller tip Mach mmber, MT s s e 6 o 8 e 8 o 6 s u o e o o o s 1
Impeller slip factor, [ . o ¢ o o o o o « a o « o « o o o o o o o 0.
TImpeller polytropic efficiency, 1 « ¢ ¢« ¢« ¢ ¢ ¢ ¢« ¢ o o o o « o 0]
Compressor stagnation inlet temperature, T, 2 ........ 5

Diffuser design. - Thb design characteristics of the diffuser are:

Passage helght, H . . & . ¢« ¢ & ¢ ¢ ¢ o ¢ o s o o o o s o « o o o R
(constant flow area normal to qp)

Wall temperature, T, %R . ¢ ¢ ¢ ¢ v ¢ v v ¢ o o o v v s v o oo T50

Friction paramster, § e o o o o o 6 e a s s s s s s a e e o o « & 0,030

cp = 0.003 (a relatively low value, see reference 4)

L (7Y 10 (so thet sin i tant
51 a\Bg ) = 80 sin o 1s constant)

The Reynolds' enalogy was used to dstermine the heat-transfer coefficient '

so that equation (12) was used to determine the change in total tempera-
ture with radius.

Results. - The results of the first group of three mmerical
examples are glven in figure 8. In figure 8(a) 1is shown the change in
M2 with R for the three mmerical examples, The effect of friction
is to reduce Mé at each radius R (because, although the smaller
merldional velocity component a, is increased as usual, the larger
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tangential component qg 1is decreased) and the effect of heat transfer
from the fluid is to inérease M2 glightly (primarily because of the
reduced speed of sound at the lower temperature) for the magnitudes of
Ty and T, Involved in these examples.

In figure 8(b) is shown the change in P with R. As expected,
the effect of friction is to reduce P at each radius (primarily
beeause of the decreased values of dg, which require a smaller pressure
gradient for equilibrium). The effect of heat transfer from the fluid
is to raise P slightly for the magnitudes of Ty and T, involved in
these examples.

In figure 8(c) is shown the change in flow direction B with R.
The effect of friction is to reduce P because qg 1s reduced and a,
is increased to satisfy conmtinulty with lower density due to lower P.
The effect of heat transfer from the fluid is to increase B slightly
because of the reduced value of g, resulting from the increased value
of p.

In figure 8(d) is shown the flow path in the vaneless diffuser.
The effect of friction is to shorten the flow path because B is
decreased (fig. 8(c)). The effect of heat transfer is to lengthen the
path slightly.

In figure 8(e) is shown the change in polytropic, or small-stage,
efficiency 1 with radius R. The effect of friction is to reduce the
efficiency at each radius. The effect of heat transfer from the fluid
is to Increase 1 greatly. In fact for the larger values of R where
M? is relatively small the term involving ﬁ%‘?ﬁf‘ becomes greater than

t
the term involving the friction paramster { (see equation (20a)) and,
dT
because for heat transfer from the fluid Ti'aﬁg is negative, 1
t
becomes greater than 100 percent.

For the example with friction but no heat transfer it is interesting
to 'note that, although the friction losses must be greater at the lower
values of R because of the larger velocities, the polytropic effi-
ciency is higher. From equation (20&) the higher efficiency must result

from & higher rate of pressure rise L4 compared with —ZMEQ—— at
P dr H cos B

the lower values of R. In current compressor designs the local poly-
tropic efficiency at the lower values of R will be considerably reduced
(reference 4, for example) because of mixing losses resulting from the
nommiform flow conditions at the impeller dischsargs.
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The diffuser efficlency ﬂnD)z at R equal to 2.0 is determined by
equation (B6) of appendix E and is indicated for each of the three numer-
ical examples in figure 8(e). The value of (7 )ps for the example
with heat transfer, is consldersbly less than tBe values of the poly-
tropic efficiency 1 at the larger values of R for this exzample,
because for these larger values of R +the rate of pressure rise is
smaller and therefore 1 has.less effect upon the value of (np),-

Even so, the value of (nD) for the exsmple with friction and heat
transfer is almost 100 percent. But from figure 8(b) the pressure P
at R equal to 2.0 is not much difflerent for the two examples with and
without heat transfer (but with friction) so that the losses gre about
equal for these examples and (nD)z, which 1s considerably different,
is therefore not a reliable measure of the losses when heat transfer
effects are present.

For the example with friction and no heat transfer the value of
(nD) is as low as 0.824 In spite of the relatively low friction
coef%icient (cp = 0.003) and in spite of neglecting the mixing losses
due to nomuniform flow conditions at the impeller discharge. Thus, the
friction losses in most veneless diffuser designs are consideresble and
result from the (usually) large ratio of wetted surface to flow area.
The diffuser efficiency can be improved by lower values for ¢ (pro-
vided other design end flow variables remain unc%anged) and these lower

=z
h'l"

example, larger compressor flow rates for a given impeller tip radius.

values for { can result from lower values of vwhich means, for

A general concluslon resulting from the first group of mmerical
examples is that heat transfer from the fluld has the opposite effect of
friction on pressure rise in vaneless diffusers and is therefore to be
desired. Heat transfer to the fluid, on the other hand, can be expected
to have the same effect as friction and 1s therefore to be avoided.

Effects of Diffuser Wall Spacing

The second group of numerical examples shows the effects of passage
height h (that is, spacing of the diffuser walls normal to the mean
surface of revolution) on the flow in veneless diffusers. - The losses
in & vaneless diffuser should increase with the velocity squared, with
the ratio of wetted perimeter (at each redius) to diffuser wall spacing
(that is, with the ratio of friction area to flow ares), and with the
length of the flow path in the vaneless diffuser. For a given com-
pressor flow rate the square of the velocity and the ratio of wetted
perimeter to diffuser wall spacing increases as the diffuser wall spacing
h 1is decreased, but the length of the flow path decreases. The object
of the second group of numerical examples is to determine the relative
magnitudes of these opposing effects on the losses in vaneless diffusers,
and to determine the optimum wall spacing h, if such an optimm exists.
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Diffuser design. - As for the first group of mmericel examples the
diffusers of the second group were designed for constant flow area

(2 =R1) but with the diffuser wall spacing hyp at the impeller dis-
charge (diffuser inlet), and therefore throughout the diffuser, varying
(among examples) over a wide range. The values of hp  were selected
for the elght mumerical examples of the second group such that the
friction paraméter { varied from 0.010 to 0.038 in seven increments of
0.004, (z varies inversely with hyp, equation (13d).) The friction
coefficient was assumed to be constant, that is independent of diffuser
wall spacing, and therefore the possibility of separated flow for large
spacing of the diffuser walls was not considered. Heat-transfer effects
were not considered. The example for £ = 0.030 was the same as that in
the first group of mmerical examples with friction but no heat transfer.

Inlet conditions. - For the second group of numerical exsmples the
diffuser inlet conditions varied with the diffuser wall spacing because
for a constant compressor flow rate W +the compressor flow coefficient
¢ (equation (C1ll), appendix C) varies inversely with the passage height

at the impeller tip. (Note that the blade height at the impeller
tip is also assumed to vary with and this varlation is assumed to
have no effect on the impeller efficiency, and so forth.) For the
selected variation in hyp the flow coefficient varies from 0.25 to 0.95
in seven increments of 0.10. The remaining design and operating condi-
tions of the impeller are the same as for the first group of examples.
Thus, '

Impeller tip Mach mumber, L
Impeller slip £actor, R v ¢ ¢ ¢ ¢ o ¢ 4 o o o ¢ o o s o o o o o »
Impeller polytropic efficiency, 1 .+ ¢ ¢ v v v v o v o o o o o o .
Compressor stagnation inlet temperature, T,, “°R . . . . . . . . .

GO oK
O WU

The flow conditions at the diffuser inlet were estimated (by methods

glven in appendix C) from the impeller design and operating conditions
and are glven in the following table:

Exemple | { P P % | (ten B); L)
a 0.010 0.25 3.174 1.272 11.879 941
b .0l4 <35 3.157 1.283 8.453 941
c .018 .45 3.133 1.298 6.541 941
4 .022 .55 3.103 1.317 5.317 941
T e .026 .65 3.066 1.341 4.462 941
i .030 .15 3.022 1.370 3.829 941
g 034 .85 2.970 1.406 3.339 941
h .038 .95 2.909 1.448 2.945 941
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Results. - The results of the second group of elght nmumerical
examples are given in figure S. All results are based on the assumption
that as the diffuser wall spaclng increases, that is as ® descreases,
the friction coefficlent remains constant and flow separation does mot
occur on the diffuser walls. In figure 9(a) is shown the change in N
with R for the eight examples. The effect of decreasing ¢ (that is,
of increasing hT) is to decrease M2 at each value of R. This
decrease in Mz results primarily from the decrease in gqp resulting
from the increesed flow area that occurs when hyp 1s increased.

In figure Q(b) is shown the change Iin P with R <for various
values of '@p. The effect of decreasing @ 1s to increagse P because
M2 is decressed (fig. 9(a)).

The change in B with R for various values of @ is shown in
figure Nc). As ® is decreased the velocity component Ay decreases
so that the flow dlrection P Increases as shown. As @ approaches
zero, P approaches 90° for all values of R.

In figure 9{d) is shown the flow path in the vaneless diffuser for
the varilous values of ®. The effect of increasing @ 1is to decrease
the length of the flow path because B is reduced (fig. 9(c)).

The change in polytropic efficiency 1 with R for the various
values of @ 1is shown in figure 9(e). The effect of decreasing ® is
to increase 1 at the larger values of R. As the value of
decreases the length of the flow path increases (fig. 9(d)), which
should increase the diffuser losses, but M (fig. 9(a)) end the fric-
tion parameter § decrease, which should decrease the losses. At o
equal to zero B 1is 909, or cos B i1s zero, and t 1is zero so that
the ratio {/cos B contained in the expression for 1 (equation (20a))
becomes indeterminate. However, extrapolation of the results in
figure 9(f) indicates that 1 has its peak value for @ egqual to zero;
and thus, if separation does not occur and if the friction coefficient
cp 1s unaffected by the diffuser wall spacing, the diffuser efficiency
is always improved (slightly, see Ffig. 9(f)) by spacing the diffuser
walls farther apart. Furthermore, if the diffuser walls are spaced
farther apert and the compressor flow rate is increased proportionately
go that ¢ remains unchanged, the diffuser efficiency should be improved
markedly because the ratio of wetted surface to flow area is decreased
without increasing the length of the flow path in the diffuser and with-
out introducing the risk of boundary-layer separation, which must other-
wise be expected if the diffuser walls are spaced far apart. Thus, as
also concluded from the first group of mmericel examples, the diffuser
efficiency can be improved by increased compressor flow rates for a
given impeller tip radius so that the diffuser walls can be spaced
farther apart without resulting in boundary-layer separation or
increasing the length of the f£low path.
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In figure 9(f) is shown the effect of ¢ on the diffuser efficilency
(Mn),. As expected from figure 9(e), ('r]D)z increases as @ decreases,
bu]g %he rate of increase is less for the smaller values of ¢ and in no
case are large geins in efficiency to be realized by decreasing o,
that is, increasing the diffuser wall spacing. Thus, unless the flow
rate is increased proportionately so that ¢ remains constant, very wide
spacing of the diffuser walls is not recommended because of (only) a
small gain in efficiency and a great risk of boundary-layer separation.

A Vaneless Diffuser Design Problem
The third part of the section on mumerical examples is a sample

vaneless diffuser design problem. The design varlebles in a vaneless
diffuser are

==}
I

H(R)
and

@

a(R)

In this sample design problem o(R) will be specified (constant and
equal to 90°) and the design problem will be to determine H(R) for a
prescribed variation in qp.

For purposes of demonstrating the design method it 1s assumed that
the deceleration of g, is the criterion for boundary-layer separation
in a vaneless diffuser and that the criterion is that given in refer-
ence 5, page 159, so that a safe rate of deceleration is

§ dap

a Feale -0.05

where O 1s proportional to the boundary-layer thickness. For purposes
of this design example it is assumed that & 1s equal to h/z, which is
the effective thickmess of a fully developed boundary layer in the vane-
less diffuser. Thus,

Tp

@) Ze () 005

or
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1% _

g dR H
if rT/bT is equal to 10. Because of the aésumptions involved this
specified variation in g;g with H may bave no practical significance

with regard to vaneless diffuser performance and has been selected only
to demonstrate an application of the design method. It should be
pointed out that design variatlons in H affect primarily the velocity
component .q, and through this component the flow direction B.

Inlet conditions. - The impeller design and operating conditions
are the same as for the first group of numerical examples and so the
diffuser inlet conditions are the same

P = 3.022
2

M

_ o]
('13,5)l = 941° R

1.370

(tan B)l = 3.829

Diffuser design. - The variation in H with R is to be deter-
mined., Heat-transfer effects are neglected, and the value of the fric-
tion parameter § is the same as for the first group of numerical
examples (0.030).

Results. - The results of the design problem are given in figure 10.

1 dap M2
In figure 10(a) is shown the veriations in H, T ® , P, B, and
N with radius R. As specified, é;-g%g is equal to -Hfl. In order

to accomplish this variation, H at first decreases with increasing R
and then increases to approximately its initial value at R equal to
2.0, At the larger values of R ‘this variation in H results in some-
what wider spacing of the diffuser walls than existed in the previous
numericael examples where the wall spacing decreased continuously with
increasing R 1in order to maintain a constant flow area normal to Oy
As & result of this wider spacing of the diffuser walls the values of 1
are somewhat higher (in keeping with the results of the second group of
numerical examples) than for the previocus examples with the same values
of ® and {. The variation in B with R was slightly more than 3°

so that the flow path (fig. 10(b)) is approximately a logarithmic spiral.
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SUMMARY OF RESULTS AND CONCLUSIONS

An analysis method and a design method have been developed for one-~
dimensionsl, compressible flow with friction, heat transfer, end arbi-
trary area change in vaneless diffusers with arbitrery profiles in the
axisl-radial plane. The effects of mixing losses due to nonuniform flow
conditions at the impeller discharge are not consldered. In the analysis
method the variation in fluid properties, including the velocity and
flow direction, can be determined as a function of radius for a prescribed
variation in diffuser wall spacing with radius. In the design method
the variation in diffuser wall spacing and all f£luid properties except
one can be determined as a function of radius for a prescribed variation
in the one fluld property. For efficient diffuser designs the selection
of the one fluid property and its optimum prescribed variation will
depend on viscous flow effects that are considered in boundary-layer
studies but are not Investigated in this report.

Three groups of mumerical examples are presented in which the
effects of friction, heat transfer, and diffuser wall spacing are
Investigated; and a sample design problem is presented. As & result of
these examples it is concluded that:

1. Heat transfer from the fluid has the opposite effect of friction
on pressure rise in vaneless diffusers and is therefore to be desired.
Conversely, heat transfer to the fluid has the same effect as friction
and is therefore to be avoided.

2. If the friction coefficient is unaffected by the diffuser wall
spacing, and if flow separation does mot occur, the diffuser efficiency
1s dmproved slightly (for a given compressor flow rate) by spacing the
diffuser walls farther apart.

5. Even with relatively low friction coefficlents and neglecting
mixing losses at the impeller tip, the friction losses in most vaneless
diffuser designs are considerable, as indicated by computed diffuser
efficiencies in the low 80's, and these losses result from the usually
large ratio of wetted surface to flow area in vaneless diffusers.

4. Diffuser efficiencies can be improved by increased compressor
flow rates for a given impeller tip radius so that the diffuser walls can
be spaced farther apart (thus, reducing the ratio of wetted surface to
flow area) without increasing the length of the flow path in the diffuser.

5. In the presence of even small heat-transfer effects the usual
definition of diffuser efficiency, whieh definition neglects corrections
for heat transfer, is not a measure of the diffuser losses.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, September 11, 1951
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

annulus flow area at impeller tip, equation (C12)
local speed of sound

skin-friction coefficient, equation (B2)
stagnation speed of sound upstream of impeller
specific heat at constant pressure

local stagnation speed of sound

acceleration due to gravity

effective passage height, or diffuser wall spacing,
ratio, h/hT

effective passage height, or diffuser wall spacing
coefficient of heat transfer, equation (1la)

influence coefficients, equation (19)

enthalpy

mechanical equivalent of heat

local Mach number, equation (5)

impeller tip Mach number, equation (C3)
polytropic exponent, equation (C6)
pressure ratio, p/bo

static (stream) pressure

stagnation pressure upstream of impeller

heat transfer rate from the fluid
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velocity

velocity component in meridional, or axiasl-radiael,
plane, equation (3)

velocity components in r-, 6-, and z-directions,
respectively

‘radius ratio, r/rq

perfect gas constant

cylindrical coordinates, © considered positive in
counterclockwise direction when rf-plane is viewed
from negative z-direction

static (stream) temperature

stagnation temperature upstream of impeller

local stagnation, or total, temperature

diffuser wall ééﬁéerature

time -

compressor flow rate

’ dependent varidble

slope of center line between diffuser walls in meri-
dional, or axial-radial plane, equation (2)

flow direction on mean surface of revolution between
diffuser wells, equation (4a)

ratio of specific heats

small finite increment

friction parameter, equation (13d)

polytropie, or small-stage, efficiency, equatlon (El)
diffuser adisbatic efficiency based upon change in flow

conditions for change in radii from 1.0 to R, equa-
tion (ES5)
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®
Subscripts:
a

i

impeller slip factor

static (streem) weight density

stagnation density upstream of lmpeller
local stagnation density

shear stress due to skin friction
compressor flow coefficient, equAtion (C11)

angular velocity of impeller

actual

ideal

value at R
impeller tip

value at R equal to 1.0 or 2.0

29
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APPENDIX B

EQUILIBRIUM EQUATIONS

Meridional and tangential equilibrium equations are developed for a
fluid particle on the mean surface of revolution in a vaneless diffuser.

Merldional equilibrium. - The equation for meridional equilibrium
of a fluld particle (fig. 6) in the direction of q, on the mean surface
of revolutlion 1s obtained from a balance of the pressure and shear
forces with the force required for acceleration.

The differential pressure forces (opposed to the direction of gp)
are equel to the differential change of end forces on the particle minus
the component of the differential side forces on the particle in the
direction of q,,

d(phr d9)dr pd(hr d0)dr
ar - ar

Differential pressure forces = (B1)

where the component of the differential side forces in the direction of

ap (last term in equation (B1l)) is equal to the pressure p multiplied
by the projected area (in the direction of qm) of the side surfaces of
‘the particle (fig. 6).

The differentiel shear stress T on a diffuser wall is oppesed to
the direction of g and is given by

2
T =cf%§'— (B2)

vhere Cp is the skin friction coefficient. The differential sheaxr
forces in the meridional direction on the fluid particle in figure 6 are
opposed to the direction of g, and act on both walls of the diffuser.
From equation (B2),

Differential shear forces = 2T cos B %—i—g—gﬁ

2 r a0 dr

ch‘e%—COSBm (BS)

The acceleration of the f£luid particle in the direction opposed to
qn is made up of: (1) the component of the centripetal acceleration

2
q dgn,
% gin a, and (2) the negative of the acceleration T But,
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a ~ @& at - WmEr
so that the differential force required for acceleration of the fluld
particle in figure 6 becomes

for acceleration in direc- | = sin a ~ Q, im sin
sin «

g dr

2
Differential force required _ hr d0 ar | 9 d a)
r

tion opposed to dp
(B4)

The sum of the differentisl pressure forces and shear forces must
equal the force required for acceleration so that from equations (B1),
(B3), and (B4)

2 2
_(1_P+ch cosB_qe dqm
ar hsinag ~ r _ Imar

g

= 8

o (8)
Equation (8) is the equation for meridional equilibrium of a fluid par-
ticle on the mean surface of revolution in a vaneless diffuser.

Tangential equilibrium. - The equation for equilibrium of a fluid
particle (fig. 6) in the tangential direction on the mean surface of
revolution is obtained from a balance of the shear forces with the force
required for acceleration.

The differential shear forces 1n the tangential direction on the
fluid particle in figure 6 are opposed to the direction of ag and act
on both walls of the diffuser. From equation (B2),

r d@ dr

Differential shear forces = 2T sin B it o

T 86 dr

sin a (B5)

2
= ¢, P&
Cp 2 sin B

The tangential acceleration of the fluid particle opposed to the
direction of dg 1is made up of: (1) the negative of the tangential

acceleration r % (3;?—), and (2) the negative of the Coriolis accelera-

tion 2gpag Si? < ‘But,
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so that the differential force required for acceleration of the fluid
particle in figure 6 becomes

Differential force required gin o
(for acceleration in direc- | = -~ e hrsiz gr (qm :rqe sin a,+g-nf—€—r—-—->
tion opposed to 9, &

(B8)

The differential shear force must equal the differential force
required for acceleration so that from equations (B5) and (B6)

cpd” Bin B Ay 45
" "hesna " WwE tTT (9)

Equation (9) is the equation for tangential equilibrium of a fluid
particle (fig. 6) in the tangential direction on the mean surface of

revolution in a vaneless diffuser.
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APPENDIX C
ESTIMATED VALUES OF Ty, M°, P, AND TAN p AT DIFFUSER

INIET (IMPELLER TIP)

Total temperature. - The total temperature (Ty); at the diffuser

inlet, or impeller tip, can be obtained from the steady flow energy equa-
tion, where for convenience heat-transfer effects have been considered
negligible,

JepTy + 1 = Joply + T (c1)

vhere p is the impeller slip factor and @ 1is the angular velocity of
the impeller so that p.(cm:'T) /g is the impeller work per pound of fluid.

But
yR*
JCP r-l
and
. (qg); = mory,

so that dividing equation (Cl) by JepT,

T i} (am)1?
-EI-%=1+L2-E (2n - p?) Mrz - qm% (c2)

%o

where the impeller tip Mach nunber Mp is defined by
(DT,

T
R e
(a,),
The total temperature ()1 1s given by equation (C2) when >
(99)1 Co

>— (equal to pZMIZ) are equal to zero so that
Co

and

(Te)y = To [ 1 + (r-1) wir?) (c4)

Pressure. - The pressure Py at the diffuser inlet is obtained
from the temperature ratio (equation (C2)) by
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n
n-1

e

where the flow in the impeller, which involves viscous losses, is rep-
Yesented by a polytropic process for which the polytropic exponent n
is related to the polytropic efficiency of the impeller 1 by (refer-
ence 8, p. 449, for example)

n Lo (c6)

I
n-1 r-1

The quentity (qp); in equation (C2) is unknown but will be determined
later from continuity considerations.

In like manner the density Py is related to the temperature ratio
(equation (C2)) by
1

f_(B) -

Po To

Mech number. - The local Mach number squared (Mz):L at the diffuser
inlet Is defined by

() 2+ ()2 (a) 2+ (q) %
(M2)1= o1 " m 1l = 01 2ml T_o_ (CB)
c Co 1

where T,/T; is given by equation (C2), where

(qe):L

= WMy (co)

(q,)
and whexre q]: 1 is determined from continuity considerations. From
continuity

o)

o

(dp)3 ®
Co =pl/po' . (ClO)
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where the compressor flow coefficient ¢ 1is defined by

9 = 5;% (c11)
in which the anmulus area &t the impeller tip &n 1s glven by
8y, = 2iTghy (c12)
(ap),

Equations (C7) and (C1l0) are solved simul'ta.neously for so that

equation (C8) can be solved for (Ml) o

Flow direction. - The tangent of the flow direction @5 at the
diffuser inlet is defined by

(tan p) q"/c )
tan c13
= e, ‘
where (qe)l and (qm)l are given by equations (C9) and (C10),
respectively. '

Thus, (T4)1s Py Mlz, and (tan B), are estimated by equa-
tions (C4), (c5), (C8), and (C13), respectively.
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APPENDIX D

CONDITION FOR MAXTMUM, OR CHOKE, FLOW IN VANELESS DIFFUSERS
If W is the flow rate through a vaneless diffuser
W= Z:trhpqm

where p 1is related to the stagnation density. Pt at a glven radius
by (reference 7, p. 26, for example)

(D1)

-1 9 +q9 (DZ)

In the presénce of heat transfer and friction p; 1is a function of
t

redius.) At any given radius as g, 1s increased from low values W
increases until & maximum, or choke, flow occurs. This meximum occurs

when

aw

& -0

dap
or, from equation (D1),

0=p+aqy, %% (D3)
but, from equation (D2),
Mo rd (qmz + qez) c4?
2 th

where from reference 7, page 26, for example
2 2
_ -1 4 + % = T

1
2 oi? Ty

so that equation (D4) becomes
q
Lwpp (05)
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Where
2 T 2
cT = -ﬁ C.b
After equations (D3) and (D5) are combined
a, =c (p6)

50 that the maximum, or choke, flow occurs in vaneless diffusers when
the meridional component of velocity 4, is equal to the local speed of

sound c¢. FExpressed in terms of M2 equatlion (D6) becomes
0= M* - gec? B (D7).

which is the condition for maximum, or choke, flow in vaneless diffusers.
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APPENDIX E

SMALT-STAGE EFFICIENCY AND DIFFUSER EFFICIENCY

The smell-stage, or polytropic, efficlency 1 at a given radius
R on the mean surface of revolution in a vaneless diffuser is defined
as the ratlo of the ideal to the actual differential change in static

enthalpy with radius required to accomplish the actusl differential
change in static pressure with radius

n:.(_%;‘.

(E1)
(&),

where the ideal differential change in static enthalpy with radius
(ai/ar); is given by (reference 6, p. 102)

ai) _1dp _ 1ldp
(dr)i S @ R*Tpdr (E2)

and where the actual differential change in statlc enthalpy with radius
(ai/ar), is by definition

(B, = G2 8 (e3)

Equation (El) is the usual definition of small-stage, or polytropic,

efficiency and assumes that heat-transfer effects are negligible. From
equations (El) to (E3) and equation (13e)

(E4)

&
e
B
:
a2
B
&
&
~~
[02]
&
B
o7
—
I_l
]
L
o'

(20a)




NACA TN 2610 39

Equation (ZOa) glves the small-stage, or polytropic, efficiency in terms
of the local pressure differential, the total temperature differential
and the parameter U, which involves the local skin-friction coeffi-
cient.

In the @bsence of heat transfer -f]:t— % equals zero and from eque-
tions (13c) and (15c)

,__ﬂ'i__[(mz - toa? ) b L sec? 2] Y ¢

MZ_ sec2B Hcos B R Hcos B

so that equation (20a) beccmes

ol
B8

§(M2 - sec’ B)
§(TM2 - tan® B) - cos B<%+ ‘H_seRt_:_z__f_S)

Equation (ZOb) expresses 1 1in terms of the friction parameters { and
the diffuser geometry. '

1=1- (20p)

The diffuser efficiency (np)g, which measures the diffuser per-
formance between the diffuser inlet at R equels 1.0 and a point R
on the mean surface of revolution in the vaneless diffuser, is defined
as the ratio of the ideal to the actual static temperature rise required
to accomplish the actual static pressure rise between the radii 1.0 and
R.

(E5)

where the ideal temperature ratio (?) is related to the actual
1/1
static pressure ratio by

-1

(), -3




40 NACA TN 2610

so that equation (E5) becomes

(np)g =<§%2h - (E6)

w oL

Equation (E6) gives (np)g in terms of the known velues of P and T
at the radii 1.0 and R. If R approaches 1.0,

r-1 -1
T T

P
_R + dF i (&
(Pl> —)<P P >l R <P>l

and
T
R (T_@:-_F) N l+<ﬂ>
Ty T A 1
so that
1 dF
P dR
(i =\ -z
v-1 T dR/ 1

which corresponds to the definition for the small-stage efficiency given
by equation (E4).
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Figure 1. -
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Semivaneless diffuser—

Impelier —
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Yy

C-2461

Figure 2. - Mixed-flow impeller and semivaneless diffuser with front shroud removed.
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TA

Center line
between
diffuser walls

dr or g,

dz or g,

: h = h(r)
-, (effective height

///// adjusted for boundary-
layer displacement)

= AT

Figure 3. - Diffuser profile, velocity components, and
coordinates in meridional, or axial-radial, plane.
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8l
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Figure 6. - Fluid particle with pressure and shear forces.
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R a8

5
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W

Figure 7. - Developed view of mean surface of
revolution (fig. 5) in vicinity of R,
showing relgtion between B, R d9, and

drR :
sin o
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\ \ ~ Friotion and heat transfer
.6 \ {(from flnid) —1
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4& \\\
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\
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o 1 1
1.0 1.2 1.4 1.6 1.8 2.0

R
(e) Variation in M2 with radiua.

Figure 8. - FPirst group of numerical examples, showing effects
of friction and heat transfer.
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R

(b) Variation in pressure ratio with radius.

Figure 8. - Contimmed. First group of mumerical examples,
showing effects of friction and heat transfer.
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76

72

B, deg

’ N

9 TECA?
66

1.0 1.2 1.4 1.6 1.8 2.0
R

(c) Variation in flow direction with radius.

Figure 8. - Contimied. First group of mmerical examples,
showing effects of friction and heat transfer.
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and heat transfer.

(d) Flow peth for sin a = 1.0

Continued. First group of numericsl examples, showing effects of
friction

Flgure 8. -
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1.7 T T

1.5

Friction and
heat transfer

1.3 /

1.1 //
1sentroplic
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|t ('q:D)2 = 0.995
o !
. \
\\ (nD)Z = 0.824
R —_—
—
Frictl:mn\\\
-7
1.0 1.2 1.4 1.6 1.8 2.0

R

(e) Variation in polytropic, or small-stage, efficiency
with radius.

Figure 8. - Concluded. First group of mmerical examples,
showing effects of friction and heat transfer.
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1.0 1.2 1.4 1.6 1.8 2.0
R

(2) Variation in M2 with radius.

Figure 9. - Second group of mumerical examples, showing
effect of diffusger wall spacing as affected by changes
in compressor flow coefficlent .
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2.8l N .
1.0 1.2 1.4 1.6 1.8 2.0

R
(b) Variation in static pressure ratio with radius.
Figure 9. - Cantimed. Becond group of mumerical examples,

showlng effect of diffuser wall spacing as affected by
changes in compressor flow coefficient P.
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(¢) Varietion in flow direction with radius.

Figure 9. - Contimied. Second group of mmerical examples,
showing effect of diffuser wall spacing as affected by
changes in compressor flow coefficient .



(d) Plow path for sin @ = 1.0.

Figure 9. - Continued. Second group of numerical examples, showing effect of diffuser wall spacing

as affected by changes in compressor flow coefficient @.
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1.0 1.2 1.4 1.6 1.8 2.0
R

(e) Variation in polytropic efficiency with radfius.
Figure 9. - Contimued. 8econd group of mumerical examples,

showing effect of diffuser wall spacing as affected by
changes in compressor flow coefficient €.
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(£) variation in vaneless diffuser efficlency ("D)Z with compressor
flow coefficlent.

Figure 9. - Concluded. Second group of mumerical examples, showing

effect of diffuser wall spacing as affected by changes in compressor
flow coefficient @,
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